Cyanobacteria are important colonizers of recently deglaciated proglacial soil but an in-depth investigation of cyanobacterial succession following glacier retreat has not yet been carried out. Here, we report on the successional trajectories of cyanobacterial communities in biological soil crusts (BSCs) along a 100-year deglaciation gradient in three glacier forefields in central Svalbard, High Arctic. Distance from the glacier terminus was used as a proxy for soil age (years since deglaciation), and cyanobacterial abundance and community composition were evaluated by epifluorescence microscopy and pyrosequencing of partial 16S rRNA gene sequences, respectively. Succession was characterized by a decrease in phylotype richness and a marked shift in community structure, resulting in a clear separation between early (10-20 years since deglaciation), mid (30-50 years), and late (80-100 years) communities. Changes in cyanobacterial community structure were mainly connected with soil age and associated shifts in soil chemical composition (mainly moisture, SOC, SMN, K, and Na concentrations). Phylotypes associated with early communities were related either to potentially novel lineages (< 97.5% similar to sequences currently available in GenBank) or lineages predominantly restricted to polar and alpine biotopes, suggesting that the initial colonization of proglacial soil is accomplished by cyanobacteria transported from nearby glacial environments. Late communities, on the other hand, included more widely distributed genotypes, which appear to establish only after the microenvironment has been modified by the pioneering taxa.
Introduction
Most glaciers in the High Arctic have been retreating and thinning almost uninterruptedly since the end of the BLittle Ice Age^(LIA) in the late nineteenth century [1] . Glacier retreat exposes new terrestrial and aquatic habitats which are readily colonized by pioneering organisms. This results in a spatiotemporal gradient of ecosystem development, where distance from the glacier terminus can be used as a proxy for time since deglaciation. This space-for-time substitution-also known as chronosequence-approach has been widely used to investigate the successional patterns of plant communities in glacier forefields [2] . Nevertheless, we know comparatively little about the earlier successional stages, prior to the establishment of plant communities, where microbial processes prevail.
Microorganisms are dominant in proglacial soil close to the glacier front, where low nutrient content and high levels of physical disturbance (e.g., glaciofluvial activity and frost weathering) preclude the establishment of larger organisms [2, 3] . Cyanobacteria are typically recognized as common pioneers in these environments [4] [5] [6] and are often found in association with other bacteria, eukaryotic microalgae, fungi, and lichens forming complex communities known as biological soil crusts (BSCs) [7, 8] . Filamentous cyanobacteria such as Leptolyngbya, Phormidium, and Microcoleus have a pivotal role in BSC formation due to the production of extracellular polymeric substances (EPS), which promote the stabilization of the soil surface, moisture retention, and protection against erosion [7, 9] . EPS protect the cells from the physical damages of desiccation and freezing and are thus a crucial adaptive feature enabling cyanobacteria to thrive in extreme conditions [10] . In many cyanobacteria, EPS sheaths are also rich in UVscreening pigments such as scytonemin, which protect the cells from the high UV radiation in the soil surface [11] . BSC cyanobacterial productivity is an important factor promoting the accumulation of organic matter in High Arctic ecosystems and constitutes the trophic foundation for other organisms [12] . It also facilitates the establishment of plant communities in later successional stages, at which point BSC cover declines due to increasing competition for nutrients, ground cover, and light [5, 13] .
Insights into the successional dynamics of cyanobacterial communities in glacier forefields have been mostly limited to large-spectrum investigations targeting whole microbial communities, of which cyanobacteria are only a small fraction. These studies have shown that cyanobacteria are important components of proglacial soil communities in the High Arctic [14] , Antarctica [15] , the Swiss Alps [16] [17] [18] , and the Peruvian Andes [19, 20] . Few works dedicated specifically to the study of cyanobacterial communities have so far been carried out, and these have mainly applied microscopic observations, culture-dependent, and/or traditional molecular fingerprinting techniques [21, 22] . High-throughput sequencing (HTS) allows the investigation of rare, low-abundance taxa and thus provides better estimations of microbial diversity in comparison to traditional techniques [23] . Moreover, phylumspecific community profiling has advantages over community-wide surveys as the use of universal primers can lead to under-or overrepresentation of specific groups [24] . HTS coupled with cyanobacteria-specific primers has recently been shown as a useful tool for the targeted assessment of cyanobacterial diversity in polar environments [25-28] but has not yet been applied to the investigation of cyanobacterial communities in glacier forefields.
A more thorough knowledge on how cyanobacteria respond to changing environmental conditions is key to better understand the effects of climate change on the functioning of polar ecosystems. The study of microbial succession in highlatitude ecosystems is of special interest given that deglaciated areas are likely to expand in the future according to general circulation models which predict enhanced warming in the Arctic [29] . Here, we provide an in-depth assessment of the successional trajectories of cyanobacterial communities in BSCs formed after the retreat of three glaciers in central Svalbard, High Arctic. By focusing on a short deglaciation gradient corresponding to 100 years of glacier retreat, we describe the early successional stages where vegetation cover is low and cyanobacteria are the most important primary producers. First, we were interested in determining if cyanobacterial communities undergo any discernible compositional shift along this short deglaciation gradient. We then set forth to investigate how shifts in community structure correlate with soil age and associated changes in soil chemical composition. Finally, we identify and further investigate the phylogenetic identity and biogeographic distribution of phylotypes associated with early and late communities in order to gain further insights into the dynamics of cyanobacterial communities following the colonization of recently deglaciated habitats.
Materials and Methods

Study Area and Field Sampling
The investigated glacier forefields are located in Petunia Bay (78.68°N, 16.52°E), which is part of the northwestern branch of Billefjorden, central Spitsbergen, Svalbard archipelago (Fig. 1) . The climate is typical of high-latitude environments with an annual mean air temperature of − 4.5°C. The active growing season when liquid water is available typically lasts from midJune to early October and is characterized by a mean air temperature of 5°C. Wind circulation in Petunia Bay is influenced by the local topography, with strong katabatic winds from northeast and east along the Ragnar and Ebbabreen valleys, respectively, and southerly winds from Billefjorden [30] .
Ebba (78.73°N, 16.95°E) and Hørbyebreen (78.76°N, 16.28°E) are valley glaciers with marginal zones consisting of an ice front, and Ragnarbreen (78.75°N, 16.70°E) is an outlet glacier terminating on land with a marginal lake. Bedrocks are composed of Carboniferous/Permian clastic (conglomerates, sandstones, and mudstones) and carbonate (limestones and dolomites) rocks [31] . Analysis of field measurements, topographical maps, aerial photography, and older scientific reports showed that Ebba, Hørbye, and Ragnarbreen currently present a negative mass balance and have lost, respectively, 5.2, 27.7, and 14.9% of their surface area from the end of the LIA until the early twenty-first century [32] . Glacier fronts have retreated a total of 1030, 1525, and 1468 m during this period, at an average linear retreat rate of 10, 15, and 14 m year , respectively [32] . Sampling was performed according to the chronosequence concept, in which distance from the glacier terminus is used as a proxy for soil age. Despite being an indirect approach, chronosequences are useful for studying mid-and long-term successional changes (over decades, centuries, or millennia) due to the unfeasibility of direct, repeated observations over these timescales [2] . Transects and sampling sites were determined according to the linear retreat rates previously reported for the studied glaciers by Rachlewicz et al. [32] . BSC samples were collected on August 2014 in the Ebba, Hørbye, and Ragnarbreen forefields along transects of 0.7-1.7 km from the current glacier terminus up to the LIA moraine ( Fig. 1 and Suppl. Fig. S1 ). Sampling sites were established in elevated areas (top of hillocks) and away from ephemeral streams and ponds to minimize the impact of meltwater. Elevation along the transects varied from 8 to 16 m above sea level (m a.s.l.) in Ebba, 45-60 m a.s.l. in Hørbye, and 79-87 m a.s.l. in Ragnarbreen. Ground cover throughout the transects was characterized by unconsolidated glacial debris, with poorly developed BSCs and isolated plant patches, mainly Saxifraga oppositifolia, Dryas octopetala, Salix polaris, and Bistorta vivipara. BSC samples were taken at sites corresponding to 20, 30, 40, and 100 years since deglaciation in Ebba; 10, 20, 50, 80, and 100 years in Hørbye; and 10, 20, 30, 50, and 100 years in Ragnarbreen (Suppl. Fig. S1 ). In Ebba and Hørbyebreen, two samples were collected at each soil age category in order to account for spatial variability within the forefields. This resulted in a total of 23 samples (Ebbabreen, 2 × 4 soil ages; Hørbyebreen, 2 × 5 soil ages; Ragnarbreen, 1 × 5 soil ages). To minimize biases due to soil spatial heterogeneity, each sample consisted of three pooled subsamples (5 × 5 cm each, ca. 2-3 cm depth) taken randomly at each site.
Samples were put into plastic bags using a spatula and transported in dry ice to the laboratory, where they were kept at − 20°C until processing. (1:5) . Soil organic carbon (SOC) content was measured by wet oxidation with acidified dichromate. Ammonium and nitrate concentrations were measured using a QuikChem 8500 Series flow injection analysis system (Lachat Instruments, Loveland, CO, USA). K, Na, Ca, and Mg contents were analyzed using a ContrAA atomic absorption spectrometer (Analytik Jena, Jena, Germany). The sum of ammonium and nitrate contents is expressed here as soil mineral nitrogen (SMN).
Determination of Soil Chemical Composition
Estimation of Cyanobacterial Biovolume
Cyanobacterial biovolume was determined using light and epifluorescence microscopy according to Kaštovská et al. [6] . Briefly, 1 g of sample was dissolved in 4 mL of distilled water and observed with a BX51 epifluorescence microscope (Olympus, Tokyo, Japan) equipped with a U-MWG filter cube (green excitation at 510-550 nm and emission at 590+ nm). Cyanobacteria were discriminated according to their basic morphology into unicellular, heterocystous, and nonheterocystous filamentous morphotypes, and geometric equations were applied in order to calculate the biovolume of each morphological group [33] .
Assessment of Cyanobacterial Diversity
Cyanobacterial community composition was investigated by pyrosequencing of partial 16S rRNA gene sequences according to Pessi et al. [26] . In summary, DNA was extracted in duplicates from ca. 0.5 g of sample using the PowerSoil DNA Isolation Kit (MOBIO, Carlsbad, CA, USA). DNA extracts were pooled and partial 16S rRNA gene sequences were obtained by PCR using the primer set CYA359F and CYA781Ra/CYA781Rb, which amplifies the V3-V4 region of the cyanobacterial 16S rRNA gene [34] . PCR reactions were performed in triplicates in order to minimize the influence of amplification biases. These were pooled and purified using the GeneJet PCR Purification Kit (ThermoScientific, Waltham, MA, USA). Sequencing was performed using the 454 GS FLX+ Titanium platform (454 Life Sciences, Branford, CT, USA) at the Beckman Coulter Genomics facilities (Danvers, MA, USA).
Quality control of reads, removal of chimeric sequences, and operational taxonomic unit (OTU) clustering were performed using UPARSE [35] according to Pessi et al. [26] . Briefly, two and zero mismatches were allowed to the primer and barcode sequences, respectively, and reads were required to have a maximum expected error of 0.5 and a length of 370 bp after the removal of primer and barcode sequences. Quality-filtered sequences were clustered into OTUs at the 97.5% similarity threshold, which corresponds to 97.0% similarity over the full length of the cyanobacterial 16S rRNA gene [36] . OTUs were classified using CREST [37] based on the Greengenes database [38] , which follows the suprageneric classification of Hoffmann et al. [39] . In this system, filamentous non-heterocystous cyanobacteria are included in the orders Pseudanabaenales (comprising generally thin filamentous taxa with parallel thylakoids such as Leptolyngbya and Pseudanabaena) and Oscillatoriales (larger filamentous taxa with radial thylakoids such as Microcoleus and Phormidium). Unicellular taxa are assigned to the orders Gloeobacterales (no thylakoids), Synechococcales (parallel thylakoids), and Chroococcales (radial thylakoids). Finally, all heterocystous taxa are grouped in a single order, the Nostocales. Non-cyanobacterial OTUs-consisting of sequences assigned to plastids of eukaryotic phototrophs (3.6% of quality-filtered sequences) and other bacterial phyla such as Acidobacteria, Chloroflexi, and TM7 (0.5%)-were removed from the dataset.
Statistical and Phylogenetic Analyses
Downstream analyses were carried out after a normalization step based on subsampling the pyrosequencing dataset to 1393 sequences per sample. Significant shifts in soil chemical composition, cyanobacterial biovolume, and phylotype richness along the deglaciation gradient were assessed by simple linear regression using STATISTICA 12 (StatSoft, Tulsa, OK, USA).
Beta diversity analyses were performed in PRIMER 7 (Primer-E, Plymouth, UK). This did not include samples from Ragnarbreen, which were removed due to a lack of spatial replication. Community dissimilarities were computed based on unweighted UniFrac distances [40] using QIIME [41] . The overall variability in community structure within each forefield was first examined using unweighted pair group method with arithmetic mean (UPGMA) and principal coordinates (PCO) analyses. Based on the observed clustering patterns, samples were then categorized into three community groups according to soil age (early, 10-20 years since deglaciation; mid, 30-50 years; and late, 80-100 years). Significant differences between soil age community groups were evaluated using permutational ANOVA (PERMANOVA) [42] and canonical analysis of principal coordinates (CAP) [43] .
A combination of distance-based linear models (distLMs) and variation partitioning [44] was used to determine the amount of variation in community structure which could be attributed to soil age and differences in soil chemical composition. Prior to the analyses, predictor variables were log(x + 1) transformed (except pH) and standardized by subtracting the mean and dividing by the standard deviation of the variable. First, a model building with forward selection based on the adjusted R 2 criterion and 1000 permutations was used to select a subset of soil chemical parameters which best explain the variation in community structure. These were included along with soil age in a new distLM routine combined with variation partitioning to distinguish between the amount of variation explained by (i) the selected soil chemical variables, (ii) soil age, and (iii) both sets of factors combined.
Pearson correlation between OTU distribution data and the CAP axes was used to identify phylotypes associated with each community group observed in the clustering analysis (referred to as Bindicator phylotypes^), which were submitted to further phylogenetic and biogeographic analyses. A representative sequence was selected for each indicator phylotype as being the most abundant unique sequence in the cluster. In order to verify their current biogeographic distribution, all closely related (≥ 97.5% similarity) cultured and uncultured sequences were retrieved from GenBank using BLAST, and information relative to the source and country of isolation of each hit was obtained using in-house bash scripts. For phylogenetic analyses, indicator phylotypes were aligned using MUSCLE [45] along with their closest BLAST isolate hits. A maximum likelihood tree based on the Kimura 2-parameter model was then computed using MEGA 7 [46] .
Sequence Data
Raw sequencing data are available in the NCBI Sequence Read Archive (SRA) database under the accession numbers SRR5382144-SRR5382167.
Results
Cyanobacterial Communities Are Dominated by Filamentous Taxa
A total of 294,469 pyrosequencing reads with an average length of 410 bp were obtained (average of 12,269 sequences per sample). After removal of low-quality, chimeric, and noncyanobacterial sequences, 152,541 sequences (51.8% of the initial pyrosequencing reads) were grouped into 148 OTUs at 97.5% similarity. Cyanobacteria were the most dominant phototrophs, with plastid sequences from eukaryotic organisms accounting for only 3.6% of the quality-filtered reads. Pseudanabaenales was the most phylotype-rich order (96 OTUs), followed by Chroococcales (13 OTUs), Oscillatoriales (7 OTUs), Synechococcales (6 OTUs), Nostocales (5 OTUs), and Gloeobacterales (3 OTUs). Eighteen OTUs were not classified by CREST at the order level, as well as most phylotypes at the genus level (118 OTUs). Phylotypes which could be successfully classified at this taxonomic level were assigned to the genera Leptolyngbya (21 OTUs), Phormidium (3 OTUs), Nostoc, Pseudanabaena (2 OTUs each), Chroococcidiopsis, and Microcoleus (1 OTU each).
In Ebba and Hørbyebreen, communities were largely dominated by sequences from non-heterocystous filamentous cyanobacteria (Pseudanabaenales and Oscillatoriales; sensu Hoffmann et al. [39] ), which comprised together 96.8-99.9% of the quality-filtered reads in each sample (Fig. 2a) . Unicellular and heterocystous cyanobacteria accounted for only a minor part of the communities (0.1-2.2 and 0.1-1.7% of the reads, respectively). Community structure differed slightly in Ragnarbreen, where unicellular and heterocystous cyanobacteria reached higher relative abundances in some samples (up to 6.5 and 25.2% of the reads, respectively). In contrast to the pyrosequencing analysis, biovolume estimations evidenced a higher proportion of unicellular and heterocystous cyanobacteria, which comprised up to 59.4 and 43.9% of the total cyanobacterial biovolume in some samples, respectively (Fig. 2b) .
Nutrients and Cyanobacterial Abundance Increase with Soil Age
Soil chemical composition fluctuated considerably along the soil age gradient, but a weak increasing trend was observed for some parameters (Suppl. 
Cyanobacterial Community Structure Shifts with Soil Age and Associated Changes in Soil Composition
Due to differences in sequencing depth between samples (Suppl. Fig. S3 ), alpha and beta diversity analyses were performed after subsampling the dataset to an even depth of 1 39 3 cy an ob ac teria l seq ue nc es p er sa mple . Cyanobacterial phylotype richness decreased with increasing soil age, from 33 to 49 OTUs in early (10-20 years since deglaciation) to 22-42 OTUs in late (80-100 years) samples (r = − 0.53, p = 0.02). Cyanobacterial community structure also shifted significantly, with beta diversity analyses discriminating between three general community types according to soil age in the Ebba and Hørbyebreen forefields (Fig. 3, Suppl. Fig. S4 ). Early (10-20 years), mid (30-50 years), and late communities (80-100 years) formed well-defined groups and were significantly distinct from each other (PERMANOVA; pseudo-F = 1.84, p = 0.02). This was also confirmed by the CAP procedure, which was carried out taking both forefields together (Fig. 4) . The canonical correlations for the two produced axes was high (δ 1 = 0.98 and δ 2 = 0.74), and a significant separation between community types was observed along the first axis (δ 1 2 = 0.90, p = 0.05). Among soil chemical parameters, moisture, SOC, SMN, K, and Na were the best predictors of community structure, accounting together for 35.8% of the variation (distLM; pseudo-F = 1.45, p = 0.04). When considered alone, soil age explained 14.1% of the variation (pseudo-F = 2.80, p < 0.01). The complete model, computed using variation partitioning analysis with both sets of factors, accounted for 46.9% of the variation. Of these, 32.8% were uniquely explained by the selected soil chemical variables (pseudo-F = 1.48, p = 0.03) and 11.1% by soil age (pseudo-F = 2.49, p = 0.01). The remaining explained variation (3.0%) was accounted for by the combination of both sets of factors.
Early Colonizers Are Mainly Related to Novel and Polar/Alpine Cyanobacteria
Pearson correlation between OTU distribution data and the CAP axes identified 24 OTUs associated with a given soil age community group (i.e., indicator phylotypes) in the Ebba and Hørbyebreen forefields (Fig. 4) . Among the 16 OTUs associated with early and mid communities, 10 OTUs had no closely related (≥ 97.5% similarity) sequences in GenBank and thus likely represent novel cyanobacterial lineages (OTUs 58, 79, 83, 114, 115, 117, 150, 165, 179, and 211; Fig. 5 ). Their best GenBank hits included several Leptolyngbya antarctica, Leptolyngbya frigida, and Phormidesmis priestleyi strains isolated from Antarctic lakes [47] but with very low sequence similarity (92.6-96.4%). Remaining early/mid phylotypes were most closely related to P. priestleyi ANT.LG2.4 (OTU7, 100.0% similarity), P. priestleyi ANT.L66.1 (OTU126 and OTU222, 97.5-97.8% similarity), and Phormidium sp. CYN64 (OTU8, 98.9% similarity), all isolated from Antarctic lakes [47, 48] . OTU31 and OTU122, associated with mid communities only, were related (97.5-98.9% similarity) to different strains of Leptolyngbya, including L. antarctica ANT.LAC.1 isolated from Ace Lake (Antarctica) [47] . BLAST analysis taking into account all closely related (≥ 97.5% similarity) cultured and uncultured sequences from GenBank revealed that phylotypes associated with early/mid communities have restricted biogeographic distributions (Fig. 5) . For each phylotype, the vast majority (75.5-100.0%) of BLAST hits consisted of sequences retrieved from polar and alpine regions, including proglacial soil, lacustrine microbial mats, and supraglacial habitats such as glacier snow and cryoconite holes.
The eight phylotypes associated with late communities, on the other hand, had a much wider geographic distribution. A high proportion (up to 73.1%) of the BLAST hits for these phylotypes consisted of sequences coming from non-polar environments, which, in most cases, also included their closest isolate hit (Fig. 5) . For example, OTU30 was most closely related (97.5% similarity) to Leptolyngbya sp. FYG isolated from a hot spring in the Yellowstone National Park (USA) [49] , and OTU18 was 97.8% similar to Oscillatoria geminata SAG 1459-8 isolated from a factory cooling tower in Germany (Friedl et al., unpublished). OTU17 and OTU38 were related (97.8-99.2% similarity) to two Leptolyngbya sp. strains (LEGE 07074 and LEGE 07075) isolated from Portuguese estuaries [50] . Finally, OTU155 was related to Gloeobacter kilaueensis JS1 isolated from a lava cave in Hawaii [51] , although with very low sequence similarity (94.8%).
Discussion
Ecological succession is one of the oldest topics in modern ecology dating back to the end of the nineteenth century but has been, until recently, overwhelmingly limited to the study of plant communities [2] . Studies of microbial succession in glacier forefields are much more recent [3] . Here, we focus on Fig. 2 Cyanobacterial community structure along the soil age gradient as observed by a 454 pyrosequencing of 16S rRNA gene sequences and b epifluorescence microscopy. Suprageneric classification of 454 pyrosequencing reads was carried out following the taxonomic system of Hoffmann et al. [39] the cyanobacteria-one important microbial group in proglacial soils worldwide [4] -and provide an in-depth overview of their successional trajectories in three glacier forefields in central Svalbard, High Arctic (Fig. 1) . Despite the rather short deglaciation gradient contemplated in this study (100 years of glacier retreat), frequent disturbance events [2] , and the patchy distribution of soil microorganisms [52] , our results evidence marked and consistent shifts in cyanobacterial community structure with increasing soil age (Figs. 3 and 4) . Cyanobacterial succession was partially associated with minor increases in soil nutrient content. Early colonizers were either potentially novel (< 97.5% similar to sequences currently available in GenBank) or related to lineages of P. priestleyi and L. antarctica largely restricted to cold biosphere habitats such as proglacial soil, supraglacial snow, and cryoconite holes. Late communities, on the other hand, included phylotypes with a much wider cosmopolitan distribution, being related to sequences also retrieved from temperate and even tropical regions (Fig. 5) .
Both molecular and morphological analyses confirmed the role of filamentous cyanobacteria as important components of proglacial soil ecosystems (Fig. 2) , in agreement with previous investigations of cyanobacterial diversity in polar and alpine glacier forefields [6, 21, 22] . Leptolyngbya-, Phormidium-, and Microcoleus-like morphotypes are the main representatives of filamentous non-heterocystous cyanobacteria in BSCs worldwide, including in the High Arctic [4, 7, 8] . They contribute vastly to the stabilization of the soil surface due to the production of high amounts of EPS, which protect them from the physical damages of desiccation and freeze-thaw cycles [7, 9] . Unlike smaller unicellular taxa, large filamentous cyanobacteria such as Phormidium and Microcoleus have high mobility, which helps them to persist during the earlier successional stages where physical disturbances are frequent and substrate instability is high [7] . Despite an overall dominance of non-heterocystous filamentous cyanobacteria based on 16S rRNA gene sequences obtained by pyrosequencing (Fig. 2a) , epifluorescence microscopy analysis showed that heterocystous and unicellular cyanobacteria are also an integral part of the investigated communities (Fig. 2b) . Heterocystous cyanobacteria from the order Nostocales are common in proglacial soils worldwide [6, [19] [20] [21] [22] , where they likely play an important role in the accumulation of organic matter due to their ability to fix atmospheric nitrogen [2] [3] [4] 53] . Unicellular cyanobacteria, on the other hand, are in general not commonly found in poorly developed polar BSCs due to their low mobility [7, 8] . The high abundance of unicellular forms observed by microscopy in the present study can be attributed to difficulties in performing biovolume estimations for soil samples. The need to apply harsh grinding to break down soil particles also results in the disintegration of colonies of unicellular cyanobacteria, thus potentially overestimating their abundance [28] . Molecular methods also have weaknesses of their own. For instance, the DNA extraction step is an important source of bias in molecular investigations of cyanobacterial assemblages, as high amounts of EPS in the biofilm matrix interfere considerably with cell lysis procedures [54] . Moreover, using data from artificial communities, Pessi et al. [26] showed that PCR and sequencing biases shift considerably the observed relative abundances of individual cyanobacterial taxa. Microscopic analyses, on the other hand, provide little or no taxonomic information beyond discriminating between major cyanobacterial groups, as the relatively simple morphology of many taxa complicates identification at lower taxonomic levels [55] . Thus, the parallel application of both molecular and microscopy methods seems a valuable approach for assessing cyanobacterial community structure at different taxonomic levels.
Our results suggest that cyanobacteria involved in the early colonization of proglacial soil have a marked polar characteristic (Fig. 5) . It has been proposed that pioneering microorganisms comprise usually cosmopolitan taxa, since they are fundamentally more widely dispersed and thus have higher chances of colonizing remote habitats [56] . Nevertheless, it is likely that the harsh environmental conditions found in proglacial soil preclude the establishment of cosmopolitan, generalist taxa. Polar cyanobacteria, on the other hand, possess several structural and physiological adaptations which enable them to withstand harsh environmental conditions, as it has been recently shown for P. priestleyi strains isolated from a cryoconite hole in Greenland and a lacustrine microbial mat in Antarctica [57, 58] . In addition, cyanobacteria are abundant members of the microbial communities in a range of polar ecosystems. For example, they make up an important fraction of supraglacial communities [59] [60] [61] , which provide an important supply of inoculi and nutrients to downstream habitats via glacial runoff [62] . Vonhamme et al. [61] showed that filamentous cyanobacteria such as Phormidium and Leptolyngbya are particularly abundant in cryoconite sediments on Svalbard glaciers, including Hørbye and Ebbabreen. Indeed, mat-forming filamentous cyanobacteria are among the most abundant cyanobacteria in cryoconite holes worldwide [59] . Thus, it appears that cyanobacteria thriving in supraglacial habitats have a pivotal role in the initial colonization of recently deglaciated forefield soils. In a recent study in the Damma glacier forefield (Swiss Alps), Rime et al. [18] showed that bacterial communities in newly exposed soils are similar to those in sub-and supraglacial sediments and significantly different from communities in snow and atmospheric deposition. Our findings are in line with these observations and highlight the importance of endogenous habitats as a source of propagules for downstream environments.
In contrast with early communities, which appear to be enriched in polar cyanobacteria transported from nearby supraglacial habitats, more advanced communities included phylotypes with wider, cosmopolitan distributions (Fig. 5) . As shown by the distLM analysis, changes in cyanobacterial community structure were partially associated with shifts in soil chemical composition, mainly increases in moisture, SOC, SMN, K, and Na content. This is in agreement with previous reports for other polar and alpine glacier forefields [14, 16, 17, 19, 20, 22] , although rather weak increasing trends were observed for most parameters in the present study (Suppl. Fig. S2 ). There is a wide consensus concerning the importance of cyanobacterial production for organic matter accumulation in proglacial soil ecosystems [2, 4, 5, 12] . Nevertheless, in addition to autotrophic production, microbial communities are also maintained by inputs of nutrients from allochtonous sources (e.g., through aerial deposition and runoff from the glacier surface) and ancient organic pools [53] . In any case, other studies have shown that BSC development and succession are tightly linked to soil physicochemical properties [7, 9] . For example, changes in cyanobacterial community structure along a gradient of BSC development in the High Arctic have been attributed to shifts in pH, conductivity, moisture, and SOC content [25] . Thus, it appears that the somewhat milder microenvironment in later successional stages facilitates the establishment of more widely distributed taxa.
This new microenvironment is characterized not only by higher nutrient content as discussed above but also by improved structural conditions brought about by the consolidation of BSC communities (e.g., increased soil stability and protection against physical damages due to higher amounts of EPS in the biofilm matrix) [7] . Here, the pioneering, polar cyanobacteria, which are favored in the earlier stages where population densities and competition levels are low, appear outcompeted by cosmopolitan taxa since the latter are, by definition, adapted to a wider range of environmental conditions.
In agreement with previous studies of microbial succession [3] , as well as with the general consensus regarding microbial community assembly [52, 56] , shifts in community structure were mostly associated with changes in the soil microenvironment. In addition to the expected effect of soil chemical composition, changes in cyanobacterial community structure were also associated with soil age. Even though care was taken in order to include the most relevant edaphic parameters, it is possible that the observed relationship between soil age and community structure might be partially attributed to other unmeasured biotic and abiotic variables. For example, mechanical disturbances and surface instability have a major impact on BSC composition and succession [7, 12, 13] . This is likely more pronounced in earlier stages, as soil stability is higher in later successional stages due to the protective effect of EPS produced by BSC cyanobacteria [7] . The observed correlation between community structure and soil age might also represent the effects of historical processes, as proposed by Freedman and Zak [63] for a long-term chronosequence in the Upper Great Lakes Region (USA). The authors found that shifts in bacterial community structure were explained by both environmental (53%) and temporal (17%) factors and attributed the latter to lingering effects from historical events (associated with, for example, ecological drift and dispersal limitation), which are known to influence present-day microbial assemblages [52] . In agreement with the aforementioned study, our results suggest a role of historical events in shaping the successional trajectories of cyanobacterial communities in glacier forefields. We further suggest that dispersal limitation is an important factor particularly in the earlier successional stages, as microorganisms inhabiting upstream glacial habitats would have preferential access to the newly formed proglacial environment. As discussed above, the initial colonization of glacier forefield soil appears to be achieved by local propagules transported from the glacier surface via glacial runoff or through the action of katabatic winds which blow from the glacier plateau towards the valley. As succession progresses, dispersal limitation likely becomes less important, as the longer the newly formed soil environment has been exposed, the more likely is the establishment of propagules arriving from remote habitats.
The model of cyanobacterial succession described above is, in many ways, similar to the traditional knowledge on primary succession resulted from the study of plant communities in glacier forefields [2] . For example, studies at Glacier Bay, Alaska, have shown that pioneering plants associated with nitrogen-fixing bacteria increase the soil nitrogen levels and facilitate the establishment of late successional trees [64, 65] . Furthermore, patterns of plant succession are usually linked to differences in life history between early and late colonizers, i.e., characteristics related to reproduction, life span, and dispersal [2] . For plants and microorganisms alike, pioneering species are usually specialists (R-strategists), while later successional taxa are usually generalists (K-strategists) [2, 66, 67] . Similarly, our results suggest that pioneering cyanobacteria comprise specialized, polar taxa such as P. priestleyi, which have evolved structural and physiological characteristics suitable for dispersal and growth in harsh polar environments [57, 58] . Their activity and growth increase the soil nutrient status, stability, and protection against physical damages, which facilitate the establishment of more generalist, cosmopolitan taxa later in succession.
In conclusion, our results confirm the role of cyanobacteria as important pioneers and the main phototrophs in recently deglaciated forefield soil. Likely as a result of changes in the soil nutrient status, succession was characterized by a decrease in phylotype richness and a marked shift in community structure. Early colonization of proglacial soil seems to be accomplished by polar cyanobacteria likely transported from nearby glacial environments, which (i) have easy and rapid access to the newly formed habitats, (ii) are structurally and physiologically adapted to the severe environment, and (iii) benefit from low competition levels. Pioneering organisms, in turn, modify the microenvironment by increasing nutrient levels, soil stability, and protection against physical damages, enabling the establishment of more widely distributed taxa later in the succession. To the best of our knowledge, this study represents the first in-depth assessment of cyanobacterial succession in High Arctic glacier forefields. It adds to the body of evidence that microbial communities undergo remarkable succession following glacier retreat and contributes for a better understanding of the functioning and evolution of polar ecosystems.
